Millisecond annealing techniques with flash lamps or lasers have become increasingly common for activating dopants and eliminating implantation-induced damage after ion implantation for transistor junction formation in silicon. Empirical data show that such techniques confer significant benefits, but key physical mechanisms underlying these benefits are not well understood. The present work employs numerical simulation and analytical modeling to show that for boron, millisecond annealing reduces unwanted dopant spreading by greatly reducing the time for diffusion, which more than compensates for an increased concentration of Si interstitials that promote dopant spreading. Millisecond annealing also favorably alters the relative balance of boron interstitial sequestration by the crystal lattice vs interstitial clusters, which leads to improved electrical activation at depths just short of the junction.
I. INTRODUCTION
The continual shrinking of transistor size in siliconbased integrated circuit fabrication technologies has imposed increasingly stringent requirements on pn junction properties such as junction depth, profile abruptness, and sheet resistance. 1 The need to incorporate high concentrations of electrically active dopant within 20 nm or less of the surface poses difficult challenges for ion implantation technology and subsequent thermal annealing. Annealing methodology has progressed over the past decade toward faster ramp rates and shorter high-temperature cycle times-from roughly 1 s in rapid thermal processing ͑RTP͒ ͑Ref. 2͒ to roughly 1 ms or less in flash 3 and laser annealing. 3 This progression has led to less dopant diffusion and improved electrical activation, especially in the problematic case of boron. However, key physical mechanisms underlying these benefits are not well understood. Moreover, the relative merits of combining different annealing programs, such as flash-assist rapid thermal processing ͑fRTP͒ ͑Ref. 4͒ or furnace annealing followed by laser irradiation, 3 also lack clear physical explanation. Progress has been made largely on an empirical basis. The present work uses a combination of numerical simulation and analytical modeling to develop a physical picture that explains the origin of the benefits conferred by millisecond annealing of boron implanted into silicon.
Numerical simulations have long been used to quantify the effects of annealing on the elementary kinetic steps that compose the boron diffusion/reaction network. However, the network contains so many steps and is so complicated that a focused physical understanding of key phenomena is difficult to discern based solely upon simulation results. A complete kinetic description that incorporates all reacting species ͑such as interstitial clusters of many sizes and stoichiometries͒ leads to a model containing many dozens of activation energies and pre-exponential factors, most of which cannot be measured directly or obtained reliably from quantum calculations. The parameters within such a simulation model are therefore typically obtained via fitting large experimental data sets together with making artful presuppositions about the reasonability of the parameters. Such an approach can yield accurate correlation models within the domain of experimental data but casts doubt upon subsequent physical interpretation.
Some recent work has pursued a different approach that simplifies the kinetic description by dramatically reducing the number of rate equations but simultaneously choosing the remaining equations to capture the key elements of a restricted set of phenomena. Corresponding rate parameters are estimated through Bayesian statistics. For example, descriptions have emerged 5 that incorporate a more accurate description of interstitials via surface dangling bonds 6, 7 and the effects of near-surface band bending. 8 The present work employs such an approach for boron. Simulations are employed to estimate the spatial and temporal variation in boron and silicon interstitial atoms during spike and flash annealing, and those values are subsequently incorporated into easily interpreted analytical kinetic expressions that describe the salient features of dopant diffusion and activation.
II. EXPERIMENTAL METHODS
To develop the simulation model for use over an adequately broad set of annealing regimes, a kinetic parameter set was developed from experimental data for the diffusion and activation of implanted boron via three standard protocols: soak annealing over many minutes, spike annealing of a͒ Author to whom correspondence should be addressed. Electronic mail: eseebaue@uiuc.edu. about 1 s, and millisecond ͑flash͒ annealing of about 1 ms. Details of experimental methods for soak and spike annealing have already been detailed in Ref. 5 , but the key features were as follows. For soak annealing, n-type Si͑100͒ specimens about 1.5 cmϫ 1 cm implanted with boron at 2 keV and a dose of 1 ϫ 10 15 ions/ cm 2 were cut from conventional wafers and mounted between Ta clips for resistive heating. Heating was performed 9, 10 in a turbomolecularly pumped high vacuum chamber with a working pressure in the low 10 −8 torr range. Samples were annealed at 900°C for 1 h. Spike and flash annealing 4 employed n-type Si ͑100͒ wafers implanted with boron at 0.5 keV with a dose of 1 ϫ 10 15 ions/ cm 2 . Before implantation, the native oxide was removed by wet-chemical etching in HF ͑49%͒:H 2 O solution. Spike annealing was performed in a Mattson RTP system with a maximum temperature of 1000°C -1050°C. Flash annealing was performed with a peak temperature of 1256°C -1322°C. Typical temperature programs for spike and flash annealing are shown in Figs. 1 and 2, respectively. The gaseous ambient for both spike and flash annealing was N 2 at 1 atm incorporating 100 ppm partial pressure of O 2 .
Characterization of soak-annealed samples was performed at the University of Illinois. Concentration profiles were measured ex situ by secondary ion mass spectroscopy ͑SIMS͒ using a CAMECA IMS-5f instrument. Sheet resistance was measured by a standard four-point probe. The spike and flash annealed samples were analyzed at Mattson, with profiles measured ex situ by SIMS on a FEI SIMS 4600 quadrupole depth profiler. For dopant activation, full-wafer sheet resistance mapping was performed by a KLA Tencor RS100.
III. MODEL FORMULATION
The boron diffusion model is based on an earlier version 5 and has been implemented by the profile simulator FLOOPS 2000. 11 The model represents boron diffusion within crystalline silicon, with no special provision for preamorphizing implantation. Yet most spike and flash annealing technology employ a brief preheating step before the main temperature ramp. Considerable solid phase epitaxial regrowth of the amorphized layer to reform crystalline Si typically occurs during preheating. Although regrowth does not always proceed to completion and boron diffusion/ activation behavior can differ in details from cases when preamorphization is not used, 12 the model may still apply in many respects depending upon the exact processing protocol.
The model utilizes continuum equations to describe the reaction and diffusion of boron interstitial atoms and related defects in silicon. These equations have the general form for species i:
where C i , J i , and G i denote the concentration, flux, and net generation rate of species i, respectively. The flux J i consists of Fickian term and electric drift motion. The net generation G i incorporates terms associated with cluster formation/ dissociation and kick-in/kick-out reactions between interstitials and the lattice through the formation of a boroninterstitial complex,
The reactions for the clustering of interstitials for pure Si and mixed B-Si clusters are
where the index of m and n denote the number of silicon and boron interstitials in the cluster, respectively. The maximum cluster size was set to eight, with the eight-atom dissociation energy equated to that for very large clusters. 14 The effectiveness of the surface in removing boron and silicon interstitials was quantified by the surface annihilation probabilities, 15 S B and S Si respectively, which are incorporated in the model boundary condition as
Here, J total denotes the total impinging flux of interstitials.
The actual flux at the surface is the product of the total impinging flux and the surface loss probability. Importantly, the present simulations incorporated nearsurface band bending 8 for spike and flash annealing but not for soak annealing because the soak annealing time was much longer than the time required to anneal out the implantation-induced electrically active defects at the native oxide interface. 16 Detailed reasoning can be found in Ref. 5 .
For spike and flash annealing, band bending was incorporated by setting the surface Fermi level at 0.4 eV above the valance band edge, in accord with the experimental value. 16 That is, the potential ⌿ at the surface was represented by the boundary condition
A priori estimates of the kinetic parameters that govern the diffusion and reaction of boron have been determined previously 5 by maximum likelihood ͑ML͒ estimation 13, 14 and maximum a posteriori ͑MAP͒ estimation 17,18 which optimally combine a variety of experimental and computational data. 7 Table I summarizes the a priori estimates and the associated standard deviations. This a priori parameter set has proven capable of accurately simulating profiles for soak and spike annealing, 5 as Fig. 3͑a͒ shows for examples of spike annealing at 1000°C and 1050°C. However, initial simulations showed that the a priori parameters gave poor agreement with experimental profiles for flash annealing. As shown in Fig. 3͑b͒ , the model failed to capture the shape of the annealed profile. Moreover, the temperature dependence of profile spreading was poorly reproduced. The simulated profiles for 1256°C and 1322°C almost overlap with each other, whereas a significant difference in profile shape is observed experimentally. The discrepancy between experiment and simulation for flash annealing motivated further model refinement in this regime of significantly higher temperatures and shorter times. The refinement utilized parameter sensitivity analysis and MAP estimation. 
IV. METHODS FOR IMPROVED PARAMETER ESTIMATION

A. Parameter sensitivity analysis
Parameter sensitivity analysis quantifies the influence of perturbations in model parameters on the model outputs and has been widely applied in analysis and design of chemical systems. 20, 21 The analysis determines which model parameters need to be estimated or calculated most accurately for the purpose at hand and which parameters can be largely ignored. Sensitivity analysis has been applied to the activation energies of elementary kinetic steps governing diffusion of implanted isotopic silicon 18 during soak annealing and of boron 14 during spike annealing. The present study of boron is based on a model 5 that has advanced considerably over that employed in Ref. 14, however, both in sophistication of the physics as well as the domain of relevant temperatures. These changes warranted that the sensitivity analysis be reconstructed, albeit with the focus still upon profile spreading and dopant activation. Sensitivity analysis requires the formulation of a matrix F of sensitivity coefficients that includes the partial derivatives of the variables ␤ k with respect to the dependent variables P j , 22
where F͑P j ; ␤ k ͒ denotes the sensitivity coefficient of the jth measurement to the kth parameter. Since the numerical values of surface annihilation probability, S, and the various activation energies differ by five orders of magnitude ͑see Table I͒ , the sensitivities are normalized to allow a more direct comparison of the relative importance of these parameters. The matrix F of normalized sensitivity coefficients is defined as,
In this work, the sensitivity coefficients were estimated by the finite difference method:
͑9͒
The present analysis was aimed at the sensitivity of model parameters to metrics describing profile spreading and dopant activation. For profile spreading, the total sensitivity for the kth parameter, ⌽ k Profile , is given by the sum of squares of the sensitivity coefficients F over the entire depth of the boron profile,
where N d denotes the total number of data points in the boron profile, and ⌬␤ k / ␤ k = 0.1. The parametric sensitivity coefficient for dopant activation ⌽ k Rs can be determined similarly,
The value of sheet resistance R s is related to the active dopant concentration C s by
where q and are the electron charge and the majority charge carrier mobility, respectively. The junction depth x j is calculated at ͓B͔ =5ϫ 10 18 cm −3 .
B. MAP estimation
MAP estimation determines the most likely values of parameters when prior information is available. 25, 26 MAP estimation optimally combines prior statistical information of the parameter estimates with additional experimental data to obtain improved a posteriori estimates. For the present case, prior information about the parameters 13, 14, 17, 18 already exists from ML estimation and MAP estimation based on density functional theory calculations, isolated experiments from the literature, and previous experiments performed in the Uni- versity of Illinois laboratory on boron and silicon diffusion. Table I shows these a priori estimates. Reported experimental data include experimental soak-, spike-, and flashannealed boron concentration profiles obtained as described above. Details of the formulation of MAP estimation have been provided in Refs. 17 and 18. In brief, MAP estimation can be equivalently posed as a minimization problem,
where ␤ denotes the vector of estimated parameters, the vector of corresponding a priori parameter estimates, V the prior parameter covariance matrix, d the total number of anneal experiments, Y j the vector of experimental observations, and P j the vector of model predictions. The measurement covariance matrix for the jth experimental data, V ,j , was estimated previously 15 by the measurement of n different SIMS profiles on the same specimen.
For computational efficiency, the elements within ␤ are chosen to exclude activation energies to which the model has little sensitivity ͑based on the results of sensitivity analysis͒. A hyperellipsoidal confidence region quantifies the uncertainty in the estimates via the relation
where ␣ denotes the confidence level, denotes the chisquared distribution with p degrees of freedom, and V ␤ ‫ء‬ is the covariance of ͑␤ ‫ء‬ − ␤ true ͒ estimated by
where ␤ ‫ء‬ and ␤ true denote the best estimate and the true value of the vector of parameters, respectively, and each 0 is a matrix of zeros of compatible dimensions. The matrix F is the sensitivity matrix of the vector of model predictions,
with respect to the vector of parameters ␤, computed from Eq. ͑7͒. The hyperellipsoidal confidence region can be visualized by approximate confidence intervals:
V. RESULTS AND DISCUSSION
A. Parameter sensitivity analysis Table II shows values of the sensitivity coefficients for profile spreading and sheet resistance for soak, spike, and flash annealing. Comparisons among coefficients can be made validly only for coefficients within a given group ͑i.e., in the same column͒. The absolute magnitudes of the coefficients may be useful for some purposes, but this work concerns itself with the relative magnitudes. The results for spike annealing agree qualitatively with a previous sensitivity analysis for spike annealing that employed an earlier and more primitive version of the model. 14 The most influential activation energies are those for interstitial boron diffusion, dissociation of large clusters, dopant kick-in reaction, and dissociation of the ͑B-Si͒ complex to liberate either interstitial B ͑kick-out͒ or Si.
The coefficients in Table II show that the major difference in the sensitivity results among the three annealing regimes lies in the increased relative importance of the dissociation energies for the B-Si mixed clusters as time scale increases ͑and maximum temperature decreases͒, particularly for the largest mixed cluster, E large,mix . The sensitivity coefficient for this parameter is more than one order of magnitude higher than that for boron diffusion and kick-in/kick-out reactions in soak annealing but is one order of magnitude lower in flash annealing.
The sensitivity of the dissociation energy of the second largest Si-B cluster, E 7,mix , is higher than that of E large,mix for flash annealing, but the opposite trend is observed for soak and spike annealing. This decreased importance of E large,mix can be explained by retarded dissociation of large clusters when the time scale decreases ͑or equivalently, when the ramp rate increases͒. It has been shown previously 28 that at a given temperature T, the dissociation energy E ‫ء‬ of the most actively dissociating clusters depends upon the ramp rate according to
where A disso is the pre-exponential factor for cluster dissociation. For flash annealing, substituting T = 1595 K ͑1322°C, a typical maximum in flash processing͒ and the experimental ramp-up rate of =2ϫ 10 5°C / s gives E ‫ء‬ = 3.02 eV, which is within 10% ͓i.e., ⌬␤ / ␤ in Eq. ͑10͔͒ of E 7,mix ͑3.15 eV͒. Therefore, the next-to-largest clusters are dissociating, but the largest clusters ͑E large,mix = 3.5 eV͒ have not yet dissociated at the peak temperature for flash annealing. For spike annealing, substituting T = 1323 K ͑1050°C, a typical maximum in spike processing͒ and the experimental ramp-up rate of = 168°C / s gives E ‫ء‬ = 3.27 eV, which is above E 7,mix and within 10% of E large,mix . Thus, the next-to-largest clusters have already largely dissociated, and the largest clusters dominate most dissociation activity. For the case of soak annealing, the dissociation state of the largest clusters can be estimated by calculation of the constant-temperature time constant. At 900°C, the time constant for the dissociation of the largest clusters equals ͑k disso ͒ −1 = ͓A disso exp͑−3.5/ kT͔͒ −1 = 185 s. For an annealing time of 1 h, the largest clusters are the last ones to dissociate and dominate the final state of the profile. This calculation can explain two aspects of the results of the sensitivity analysis. Since the largest clusters have not yet dissociated for the case of flash annealing, the corresponding sensitivity coefficient of its dissociation energy is less than that of the next-largest cluster ͑E 7,mix = 3.15 eV͒, which is actively dissociating at the top of the flash. The opposite trend is observed for soak and spike annealing, for which the largest clusters dominate dissociation activity.
In addition, some of the interstitials liberated at the top of the flash can accrete onto the remaining next-largest clusters to form the largest size, as shown in Eqs. ͑3͒ and ͑4͒. However, no equivalent interstitial sink exists in the simulation if the largest cluster is also dissociating, as in the case of spike and soak anneals. If the largest clusters are dissociating, the effect on interstitial release will be more pronounced than that of dissociation of intermediate clusters. This effect explains the decreased relative importance of cluster energetics compared to kick-in/kick-out reactions as ramp rate increases. In soak annealing, E large,mix has the highest sensitivity among all model parameters. In spike annealing, the dissociation of an intermediate size cluster ͑i.e., E 7,mix ͒ has a sensitivity coefficient similarly large to those of the activation energies for kick-in/kick-out reactions. And in flash annealing, the dissociation of an intermediate size cluster ͑i.e., E 7,mix ͒ has lower sensitivity than the activation energies of kick-in/kick-out reactions.
In contrast to previous work, 14 the present work examined the influences of pure Si clusters and mixed B-Si clusters separately. Table II shows that energetics of dissociation of pure Si and mixed B-Si clusters have different sensitivity coefficients, with the dissociation energies of mixed B-Si clusters exerting more influence than those of pure Si clusters. This observation validates the suggestion made in a previous silicon self-diffusion study 18 that the standard deviation for pure Si cluster energetics is underestimated by setting sensitivities equal for pure Si and mixed B-Si clusters.
The total sensitivities for the surface annihilation probability S are low compared to the clustering and kick-in/kickout energetics. However, note that the present sensitivity analysis quantifies the change in boron profile upon a perturbation of only 10% in the model parameter. Although the sensitivity coefficient for the surface annihilation probability is rather small for the specific value chosen here, that situation could change under other circumstances. In contrast to activation energies in the model, the surface annihilation probability can vary ͑sometimes controllably͒ by several orders of magnitude depending on surface conditions. 7, 18 Hence, it would be incorrect to conclude based upon the sensitivities in Table II that surface interstitial annihilation cannot exert strong effects on boron diffusion and activation. For the three annealing regimes studied, parameters that matter most in profile spreading are also important in dopant activation. This suggests that dopant diffusion and activation are highly correlated, which is consistent with the wellknown trade-off relation observed experimentally between junction depth and sheet resistance.
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B. MAP estimation
Based on the results of parameter sensitivity analysis, the vector of parameters for MAP estimation was formulated to include the four most influential parameters from each of the soak, spike, and flash annealing protocols. The vector was also set to include the corresponding surface loss probabilities, ␤ T = ͓E 6,mix ,E 7,mix ,E large,mix ,E ko ,E ki ,E dis ,S soak ,S spike ,S flash ͔.
͑19͒
Even though the sensitivity coefficients for S are rather low under present conditions, the database for values of S is very small. The present analysis is capable of adding to that database. The soak annealing experiments employed a different surface treatment from the spike and flash experiments, and S can vary significantly with even small changes in the chemical state of the surface. 7 S is also believed to vary ͑rather weakly͒ with temperature on Si͑100͒. 30 As the maximum temperatures vary by more than 400°C in these experiments, changes in S may occur. The present work assumes equal surface loss probabilities for boron and silicon interstitials, S B i = S Si i . The annihilation probabilities could in principle differ for Si and B. However, as of yet there is insufficient scientific understanding to predict the magnitude of such a difference, and the present model sought to minimize the number of independently variable parameters. Table III shows the MAP estimates of the model parameters and the associated 95% confidence intervals. Figure 4 shows examples of experimental and simulated profiles using the refined estimates. Values of sheet resistance are also included. There is significant improvement in profile fit after MAP estimation for the flash annealed profile, with the good agreement in soak and spike annealing utilizing a priori estimates retained. 39, 40 annealing that have been extracted from the literature. The model output agrees well with the experimental trend for both annealing schemes and confirms the simultaneous improvement in dopant activation and junction depth characteristic of flash annealing.
All of the experimental MAP parameter estimates lie within the a priori confidence intervals shown in Table I . Thus, these MAP estimates lie within the expected distances of the prior estimates but have substantially smaller standard deviations. Since the various model parameters exert different sensitivities in different annealing methods, incorporation of the broader range of experimental data having widely divergent time scales and peak temperatures served to impose tight constraints on the values of parameters and thereby improve the accuracy of the estimates.
The value of S for flash annealing is about a factor of 1.5 higher than that for soak and spike annealing. The difference may originate from differences in surface conditions ͑even subtle͒ due to processing protocols and possibly in processing temperature. However, the values of S for all three methods are much smaller than the maximum value of ϳ0.05 ͑Ref. 6͒ measured for an atomically clean, chemically active Si͑100͒ surface. The small values in the present experiments probably arise from oxygen in the processing environment.
C. Effects of annealing protocol on boron diffusion
The model and parameter set have demonstrated their capability to simulate key aspects of boron diffusion and activation over a maximum temperature range greater than 400 degrees wide ͑from 900°C to 1322°C͒ and more than six orders of magnitude in time scales ͑from ϳ1 ms to 1 h͒. Such a broad range of applicability offers confidence that the model reproduces interstitial concentrations accurately enough to serve as the input for an analytical description of the primary mechanisms governing boron diffusion and activation during the transient heating characteristic of spike and millisecond annealing.
An analytical expression to rationalize the effects of ramp rate on boron profile spreading near the junction during spike annealing has been developed previously. 28, 42 The expression was based on the simple random-walk diffusion equation X lattice 2 =6Dt, with X lattice being the mean square displacement of diffusing dopant interstitials that sometimes exchange with the lattice, and t being a characteristic diffusion time. The following expression was derived for X lattice :
where denotes the site-to-site interstitial hop length of 0.27 nm. The reaction constant k assoc equals 4aD Si , wherein a and D Si denote the capture radius and the diffusivity of silicon interstitials, respectively. The time t max represents a characteristic time span over which the wafer remains near the peak temperature ͑within 95% of the peak͒, and ͓Si i ͔ denotes the concentration of Si interstitials at the peak temperature, which is given by the simulation model. The variable b represents the branching ratio between the dissociation reaction of the B s -Si i complex to form either B i or Si i . Assuming that the rate constants for these two reactions share the value for the same pre-exponential factor A, the branching ratio can be expressed as
With the a priori parameter set from Ref. 17 , Eq. ͑20͒ showed 28 good agreement ͑within 10%-20%͒ with experimental spreading profiles for spike annealing over the relatively limited range of conditions examined. With the present refined MAP parameter estimates, Eq. ͑20͒ should yield good agreement with the experimental spreading observed over a much broader temperature range. Indeed, Eq. ͑20͒ estimates profile spreading ͑at ͓B͔ =5ϫ 10 18 cm −3 ͒ of 20.6 nm and 4.8 nm for spike ͑1050°C͒ and flash ͑1322°C͒ annealing, respectively. These analytical estimates agree exceptionally well with the experimental observations of 21.6 nm and 4.7 nm.
The relatively simple form of Eq. ͑20͒ permits clear insights into the differing effects of spike and millisecond annealing on boron diffusion. Table IV shows key quantities composing Eq. ͑20͒ calculated for the particular experimental conditions described in this work but also representative of conditions typically employed in these annealing protocols. The major difference between the two methods lies in the values of k assoc ͓Si i ͔ and t max . As discussed in Ref. 28 ͑k assoc ͓Si i ͔͒ −1 represents a characteristic time for the kick-out of substitutional boron from the lattice by Si interstitials, thereby rendering the boron mobile. The combined quantity t max ϫ k assoc ͓Si i ͔ represents the number of liberation events near the temperature peak, where most dopant diffusion occurs. Although k assoc ͓Si i ͔ is almost two orders of magnitude larger for flash annealing than for spike annealing-owing mainly to the higher interstitial concentration-the corresponding time scale t max is almost three orders of magnitude smaller. As a result of this compensation, flash annealing reduces the profile spreading significantly.
This explanation differs from that invoked to explain the benefits of increased ramp rate in spike annealing. 42 In that case, a similar analysis showed that fast ramp rates ͑on the order of 400°C / s͒ to a fixed peak temperature reduce the time during which the implanted profile is exposed to the maximum concentrations of Si interstitials. The fast ramp also pushes the dissociation of large interstitial clusters ͑with high dissociation energies͒ up to higher temperatures. For a constant peak temperature, this dissociation "delay" during the ramp slightly reduces the maximum concentrations of Si interstitials. Both the shortened exposure time and reduced interstitial concentration inhibit dopant diffusion. In the millisecond annealing, however, the peak temperature greatly exceeds that for spike annealing. Thus, even though the faster ramping of millisecond annealing pushes up the cluster dissociation temperatures, the maximum Si interstitial concentrations still greatly exceed those for spike annealing. The benefits from millisecond annealing derive from the shortened time scale that outweighs the effects of increased Si interstitial concentration.
This physical picture points to even further potential reductions in junction depth through methods that operate on even shorter time scales than flash annealing, such as annealing with scanned continuous-wave 43, 44 or pulsed 45, 46 lasers. However, the effects of very fast methods on dopant activation complicate matters, as discussed further below.
D. Effects of annealing protocol on boron activation
Equation ͑20͒ also helps to explain the improved dopant activation seen in millisecond annealing, although the analysis must be applied in a spatially dependent way. When clusters dissociate to release boron interstitial atoms, those interstitials diffuse until sequestered either by kick-in to the lattice ͓Eq. ͑2͔͒ or by reaccretion back into remaining clusters ͓Eq. ͑4͔͒. Sequestration by the lattice leads to electrically active boron that remains largely immobile but electrically active until a Si interstitial arrives to drive a kick-out reaction. Equation ͑20͒ gives the typical distance that a typical boron atom released from a cluster will move during the annealing cycle if this sequestration mechanism dominates. Because ͓Si i ͔ varies with depth into the wafer due to varying concentrations of clusters, X lattice also varies with depth. Figure 6 shows this variation in X lattice calculated via Eq. ͑20͒ for typical maximum temperatures in spike and flash annealing. In these calculations, the values of ͓Si i ͔ originated from simulations. In all cases, the spatial variation of X lattice exhibits a maximum value near the peak of the interstitial cluster concentration at depths Ͻ5 nm and drops off to lower values in directions toward the interstitial sink regions both at the surface and in the bulk. The maximum simply reflects the increased rate of Si interstitial creation where many clusters are dissociating. For similar reasons, X lattice at any depth increases as the maximum temperature rises and induces more clusters to dissociate. Figure 6 also shows diffusion distances X cluster calculated with the alternative assumption that sequestration of B interstitials into remaining clusters dominates. Typically only the largest clusters ͑that have the highest dissociation energies͒ still exist intact at the highest annealing temperatures. Thus, the B diffusion distances limited by cluster sequestration can be estimated as simply the average spacing between the largest clusters ͑size 8͒ in the model:
The values of X cluster also vary with depth but in a direction generally opposite to X lattice because X lattice increases with cluster concentration while X cluster decreases. Figure 7 plots the same results as Fig. 6 but in a way that facilitates direct comparison of various annealing protocols regarding the behavior of X cluster and X lattice . Figure 7 shows that X cluster remains largely invariant with annealing conditions, while X lattice varies strongly. The X lattice curves for spike annealing lie substantially above those for flash annealing.
This difference among annealing protocols for X lattice lies at the heart of the improved electrical activation performance of flash annealing compared to spike for the following reason. The dominant B sequestration mode is simply the mechanism that has the smallest value of X. A superposition of the X cluster and X lattice curves indicates which mechanism dominates as a function of depth. Figure 8 shows schematically such superposition for spike and flash annealing. For the typical conditions examined here, cluster sequestration dominates from the surface to a depth x cross , while lattice sequestration dominates deeper within the solid. The crossover point is typically shallower than the junction by 5-10 nm. The strong variation in the X lattice curves with annealing conditions means that the position of x cross is considerably deeper for spike than for flash annealing. In consequence, a smaller total fraction ͑integrated over the profile͒ of boron released from clusters winds up in electrically active lattice sites for spike than for flash annealing.
E. Implications for microsecond annealing
An important limit exists to the benefits of continuing to decrease the annealing time. The temperature of incipient wafer damage sets this limit. Equation ͑18͒ indicates that, to reach a given degree of cluster dissociation to liberate boron ͑as embodied in E ‫ء‬ ͒, the maximum annealing temperature must rise as the annealing technique becomes faster ͑with a faster ramp rate ͒. Consider the example of pulsed laser FIG. 6 . Variation in average diffusion distances X of boron interstitial atoms before sequestration by lattice and cluster mechanisms, calculated via Eqs. ͑20͒ and ͑22͒ for typical maximum temperatures in spike and flash annealing. X lattice and X cluster vary with depth because of variations in local cluster concentrations. Fig. 6 replotted to separately compare X lattice and X cluster for spike and flash annealing. X cluster shows little variation, but X lattice changes a great deal. FIG. 8 . Superposition of the X cluster and X lattice curves for typical spike and flash annealing conditions. Cluster sequestration dominates from the surface to a depth x cross , while lattice sequestration dominates deeper within the solid. The crossover point is typically shallower than the junction by 5-10 nm. The strong variation of the X lattice curves moves x cross considerably deeper for spike than flash annealing, so a smaller total fraction ͑integrated over the profile͒ of boron released from clusters winds up in electrically active lattice sites for spike than for flash annealing. annealing with a 200 ns pulse 46 as compared to flash annealing to 1322°C. In flash annealing, the ramp rate is =2 ϫ 10 5°C / s, compared to =3ϫ 10 9°C / s for the pulsed laser. For this particular flash annealing case, Eq. ͑18͒ yields E ‫ء‬ = 3.02 eV. For the pulsed laser process to reach the same value of E ‫ء‬ ͑and therefore degree of initial boron release from clusters͒, the maximum temperature would have to increase vastly up to 2450°C. This temperature is far above the Si melting point of 1410°C. The limited cluster dissociation leads to poor dopant activation [47] [48] [49] and, by related mechanisms, to the incomplete removal of EOR defects [49] [50] [51] commonly observed in microsecond annealing.
FIG. 7. Data of
VI. CONCLUSION
On an empirical basis, multiple continuous-wave laser beam scans 51 or multiple pulses 45, 46 are sometimes employed to mitigate problems with short-time annealing techniques. An alternative approach involves using two-step annealing protocols comprising laser irradiation in conjunction with furnace annealing 3 or conventional RTP. 52, 53 The lower ramp-rate step dissociates clusters to improve activation whereas the use of intermediate temperature ensures limited profile spreading. Design of alternatives through laser pulse duration, 54 number of laser pulses, and varying combinations of laser with furnace annealing steps or RTP can be effected to a reasonable approximation by the sort of mathematical analysis given above. 
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